Variadons in dJe theImocline depth of the northeast Pacific Ocean during [1970][1971][1972][1973][1974][1975][1976][1977][1978][1979][1980][1981][1982][1983][1984][1985][1986][1987][1988][1989] are investigated using a reduced-gravity numerical model forced by dJe local surface wind stress and at the southern land-ocean boundary by a coastal Kelvin wave signal. Three experiments are presented with forcings by wind only, Kelvin wave only, and a combination of both. The wind forcing generates an anticyclonic gyre cin;u1ation with mostly annual variatiOns. The Kelvin waves along the coast excite Rossby waves that propagate into the basin interior, producing changes in upper-layer thickness (related to changes in thermocline depth) that last for years after the Kelvin signal has passed. Two sequential upwelling Kelvin waves in 1973 and 1975 produce upwelling Rossby waves that reduce the mean upper-layer thickness by approximately 10-20 m during 1976. This shift is reinforced by later upwelling events lasting until the early 19808. The authors present a new hypothesis that the previously known climate shift observed in winter sea surface temperature is influenced by changes in the depth of the pennanent thermocline induced by remotely forced Rossby waves. Acoustic thermometry might be a sensitive means to detect Rossby waves, motivating a thermometric approach to studying interannual variatiOns in the ocean.
Introduction
Oceanic quantities such as temperanne, current velocity, salinity, and biological productivity have variations over timescales from fractions of a second to decades-the length of the longest observational records. Oceanic processes with interdecadal duration are particularly important and have received increased attention in recent years because long-term cycles can mask (or masquerade as) anthropogenic climate change. A review of interdecadal climate variability (ICY) in the oceanatmosphere system is given in an UNESCO-IOC review (1992) . ICY in the oceans has important implications for human activity and is believed to influence droughts in Africa, the Asian monsoon cycle, droughts in the western United States (Cayan et at. 1989) , extremes in the El Nino-Southern Oscillation (ENSO), hurricane frequency in the Atlantic (Cook et at. 1991) , and Arctic sea ice (Mysak et at. 1990) . Effects on the biosphere include changes in phytoplankton and the migration pattern of some fish (UNESCO 1992) . The physical mechanisms behind these and other long-tenD variations are not well understood and are not predictable with present general circulation models (GCMs). As climate change becomes a topic of increasing scientific concern, it is important to distinguish anthropogenically created changes in the ocean and atmosphere from natUral climaticshifts.
The North Pacific Ocean has well-documented ICV. During 1977 -86 the northern central Pacific Ocean experienced a period of cooler winter sea surface temperature (SST). This time period is also associated with increased winter SST in the eastern Pacific, temperature changes ove~ the North American continent, and a decrease in winter sea level pressure over the North Pacific (Trenberth 1990; Graham 1994 ). An EOF analysis of SST by Salmon (1992) suggests this cooling in the central Pacific began in 1967 and lasted until 1987 , whereas the northeast Pacific ended a cold period and waDDed from 1976 to the early 1980s. It will be shown later that the seasonal cycle governs our proposed mechanism for creating SST anomalies.
Numerical studies have been fundamental in exploring the relationship between the atmosphere and ocean during the 1970s. Kitoh (1991) and Graham (1994) both used atmospheric GCMs driven by SST to suc-JOURNAL OPPHYSICAL OCEANOGRAPHY FIG. I. The domain of the numerical model. The arcs are great circle paths (geodesics) over which acoustic properties are estimated. They are close to those that will be used in the early GAMOT/ATOC field observations. The fina11atitudes of each are (I) 21.23, (2) 22.84, (3) 24.66, (4) 26.46, (5) 28.47, (6) 30.75, (7) 33.25, (8) 35.91, (9) 40.00, (10) 47.15. The dashed lines mark the estimated yearly propagation of a l000-km Rossby wave staning from die rightmost dashed line, a.~~urning I = 0 and c = 3 mls. The indicated points A, B, and C are specifically sampled as described in the text cessfully simulate anomalies over the northern Pacific Ocean. Graham (1994) and Miller et al. (1994) used isopycnal thermodynamic models driven by observed winds and heat fluxes. Their results have supported the idea that the 1976 oceanic climate shift was primarily driven by atmospheric dynamics. Those studies were limited in at least two ways: First, coarse spatial resolution in a numerical ocean model greatly distorts the Kelvin waves necessary for the development of El Nino (warm) or El Viejo (cold) events (O'Brien and Parham 1992) ; second, the thermodynamic equation in the eastern Pacific is'dominated by the heat flux term (Miller et al. 1994 ) so the rate of change of SST is largely constrained by observational values. It is therefore not surprising that these models produce results that closely match the real SST anomalies. The influence of the ocean on this term was suppressed since there was no feedback of the ocean into the heat flux term.
The use of a reduced-gr~vity model trades the explicit numerical representation of thermodynamic processes for increased resolution of oceanic planetary waves, eddies, and currents. In particular, ENSO events are correctly represented. Thermodynamic variables that are not directly computed can often be represented indirectly using hydrodynamic variables.
A direct relation between thermocline depth and temperature is shown in Rebert et al. (1985) to be valid where the ocean can be considered a layered system (the Tropics and at midlatitudes beneath the mixed layer). Johnson and O'Brien (1990a) showed that midlatitude Rossby waves modify the depth of the main thermocline and that the reduced gravity model's upper-layer thickness parameter (ULT) was related to the phase speed of westwardly propagating Rossby waves. A direct relation between ULT and temperature was found by Shriver et al. (1991) who, using complex EOFs, demonstrated that in the northeast Pacific Ocean model upper-layer thickness could be mapped onto the observed temperatures at 300 m from XBTs. The ULT-Rossby wave signal accounted for nearly 50% of the variance in the pattern of observed ocean temperature. In this paper we make the simplifying assumption that this relation between model UL T and thermocline depth can be quantified linearly, and use the equation of L. Roed (1994, personal communication) presented in section 2b. We call this Mechanism I, in which changing the thermocline depth affects the heat content of the upper ocean. This in contrast to Mechanism II (altering the heat capacity of the upper ocean), which is described in section 4b. Anomalous surface advection in the presence of Rossby waves is another possible source of temperature anomalies (Stevenson 1980; Jacobs et al.. 1995, submitted to J. Geophys. Res.) .
A complete numerical representation of the atmosphere-ocean system at appropriate resolution is not likely to be realized for several years. Until then, improved understanding of future interdecadal climate variability can only come from an increased quantity of long-term observations. Monitoring of the ocean is the focus of the GAMOT ! A TOC (Global Acoustic Mapping of Ocean Temperature! Acoustic Thermometry of Ocean Climate) project. Integrated changes in ocean characteristics will be inferred by monitoring the variations in acoustic travel time over basin scales. Pilot projects have been completed (Spiesberger and Metzger 1991; Spiesberger et al. 1992; Baggeroer and Munk 1994; Spiesberger and Tappert 1996) .
There are no previous continuous multiyear acoustic observations of the ocean. The observations of Spiesberger et al. (1992) were done discontinuously from 1983 to 1989 and are limited to intervals of, at most, five months. The only means to recapture the behavior of the ocean in years past and fill in the observational gaps is through the use of numerical models. Doing so also aids in the understanding of future measurements by yielding an approximate historical record.
We use a high resolution reduced-gravity model of the northeast Pacific (NEP) Ocean to estimate the acoustic travel time anomalies for 1970-89 over paths roughly corresponding to those in Spiesberger et al. (1992) . The model is forced three different ways: experiment El with observed surface winds, E2 with a coastal Kelvin wave signal extracted from an equatorial model forced with observed winds, and E3 with both surface winds and the Kelvin wave. Similar experiments were done by Pares-Sierra and O'Brien (1989) for the years 1961 -79 and Johnson and O'Brien (1990a ) for 1975 . They observed coastally trapped Kelvin waves propagating poleward, separating from the coast of North America as Rossby waves, and propagating westward into the Pacific basin. Analysis of altimetry and XBT records has demonstrated the significance of these Rossby waves (White et al. 1990; Shriver et al. 1991 (Jacobs et al. 1994) . We have completed an investigation into the variations in acoustic travel times along paths similar to those planned for GAMOT I A TOC. For all three model cases variations in sound speed are estimated according to the method of L. Roed (1994, personal communication) . Interdecadal climate variability occurs in the travel time variations, with the details depending upon the specific path. Acoustic thermometry is shown to be potentially useful for detecting long-term ocean variability.
Section 2 describes the model and acoustic travel time anomaly (A 1T A) estimation procedure. The results are described in section 3 and discussed in section 4. Of particular interest is the dominant influence on the ocean climate of Rossby waves initiated along the North American coast. They are shown to playa central role in detennining the long-term acoustic properties of the upper North Pacific Ocean and may be involved in the 1976 climate shift.
Numerical model and ATfA estimation a. The northeast Pacific model
A numerical model of the northeast Pacific ocean is used The model domain has spherical geometry and is shown in Fig. 1 . An Arakawa C-grid is used with a horizontal spacing of 1/120 in both latitude and longitude. There is one active upper layer atop an inert lower layer. Realistic topographic effects are included by modification of the local phase speed (Cushman-Roisin and O'Brien 1983) . This is included since the coastal sea floor topography has a strong influence on the local evolution of Rossby waves (M. Liu and J. O'Brien 1995, personal communication) . The eastern boundary has a no-slip condition along the North American continent. Elsewhere, the boundary condition is open, according to the scheme in Camerlengo and O'Brien (1980 (3) is continuity. Model parameters are given in Table 1 .
The wind stress is 'T(cf>, 8, t) = [r';(cf>, 8, f), r'(cf>, 9, f)] = CdPollDwllDw, where u,..(cf>, 9, t) is the surface wind, Cd is a drag coefficient. and Po is the air density. Monthly average pseudostress was obtained from COADS winds (Slutz et al. 1985) and intelpolated to the model grid. A linear temporal interpolation was used between each monthly value. Further details on the numerical scheme, boundary conditions, and wind forcing can be found in Pares-Sierra and O'Brien ( 1989). The major difference in numerical schemes is our inclusion of realistic sea floor topography.
The Kelvin wave for experiments E2 and E3 is input in the following way: The H value of the NEP model on the southern boundary at the easternmost grid point, Heq(t), was taken from an equatorial model (Kamachi and O'Brien 1994) trainment was 100 m. We use 60 m. This difference manifests along the coast and northern boundary and allows for slower phase speeds where the UL T is near the threshold. Since only UL T anomalies playa role in our analysis, this difference in UL T is not a significant concern.
) +Ho. (4) LD where x-x. is the longitudinal distance from the eastern boundary x., Ho is an initial layer thickness, and LD is the radius of deformation, about 50 km at the equator based on the model parameters. The exponential envelope in (4), which defines the region of input. is limited to 10 (six H grid points). The input velocities at the corresponding points are ~ = 0 and ViD is estimated from the inviscid quasigeostrophic equation
where x and y represent the zonal and meridional distances respectively. These properties are consistent with the coastal Kelvin waves in Moore (1968) , Anderson and Rowlands (1976) , and Clarke (1983). The scheme described is very similar to that used in previous studies.
One difference in the present model from those in previous studies is the UL T entrainment level. During multiyear simulations ocean models sometimes require a mechanism to prevent layer outcropping. When the UL T drops below a threshold value, the H at that point is slowly increased until it is greater than the threshold. In Johnson and O'Brien (l990b) the threshold for enb. Acoustic travel time estimation Sound speed c in the ocean is controlled by density p, which is a function of temperature T, salinity S, and pressure P; but the dominant variable in the upper ocean is temperature. However. we use a layered model without salinity structure or thermodynamics that cannot directly yield an estimate of c . This handicap of the isopycnal model was addressed by L. Roed (1994. personal communication) , who provided a means to estimate variations in C as a function c(H). The essence of his argument is now reproduced.
The first-order Taylor expansion of sound speed is
where Co is a surface reference speed (typically around 1542 m S-1 for surface water at 200C) , and ~. y, and K are constant coefficients. Since the temperature term of the expansion is known to be the most significant. we can write c~co+~(T-To).
Density is also a function of temperature to first order:
where a is the constant coefficient of thennal expansion. The connection to the layered model is now introduced. In the context of a layered ocean Roed finds I)1 970 1971 1972 1973 1974 1975 1m 1977 1978 1979 1980 1981 1982 1984 1986 1987 1988 . The heavy line is the input anomaly from the eqUatorial model Heq(t). The thin line is a five-month running mean. The dark shaded regions denote cold ENSO events and the light shaded regions are warm ENSO events defined by sea level anomaly. geometric scale for depth, which is set to a constant 1000 m (this value has no affect on the essential resuIts).
Combining (6), (7), and (8) yields l;6.p
Since the time it takes for sound to travel from a source to a receiver is inversely related to c, we examine C-I using (9), which we denote as C = Co + c' where Co is the unperturbed speed. Then, assuming c' Co,
The presence of D, which is not accurately known, indicates that the results in ( 11 ) should not be taken as exact calculations but as a quantity proportional to changes that might be observed. Additionally, the lack of vertical structure in the model constrains calculations to be taken over geodesic paths within the upper Rebert et al. 1985) where a strong permanent thermocline exists. It does not necessarily hold for SST anomalies in midlatitudes where the seasonal thermocline cycle has a significant effect on SST. This is detailed further in section 4.
a. Winds only ( El )
The ocean currents in this region are dominated by the subtropical gyre centered near the western model boundary (Fig. 3) . Examination of the ULT anomaly field show no indication of large-amplitude Rossby waves. No significant westward propagating features are seen in Fig. 4 . Some weak propagating features are
Model results and analysis
The models are initially spun up for seven years using monthly climatological conditions. The forcing then switches to observational COADS winds and! or the Kelvin signal from the equatorial model. Case E2 does not undergo a spinup. The model input corresponds to years 1961-89, but only the period 1970-89 is discussed in detail because the model 1960s appear to be dominated by the adjustment from climatological to observational forcing due to the rather slow propagation of Rossby waves into the midlatitude ocean.
Research using the reduced gravity model in the equatorial and northeast Pacific Ocean has previously b. Remote only ( E2 .
seen to travel along the southern model boundary, but do not survive more than a few months. There is only weak variation about the mean circulation and seasonal changes. Selected measurements of A Tf A are shown in Fig.  5 . The annual signal is clearly the strongest component in the southern paths. There is strong correlation between neighboring paths, due to the large-scale nature of the ocean currents. Surprisingly, paths 9 (not shown) and 10 have almost no annual variations and the A Tf A is jagged in appearance, suggesting sudden shifts in the integrated H over these paths. Changes in oH lot are probably due to changes in the magnitude of the wind stress curl in the northern latitudes.
One possible source for these changes is variations in atmospheric circulation associated with ENSO phenomenon. However, the timing of these changes suggests they are not closely related to ENSO. For example, EI Nino and El Viejo events defined according to sea level at Galapagos (Meyers and O'Brien 1995) are indicated in Fig. Sa , and no conSistent relationship between changes in ATfA and ENSO is apparent. Power spectra (not shown) of the ATfAs have a steep power law (JJ-a, where a is between 2 and 3, with a single peak at the annual frequency. The amplitude of this peak din1inishes with increasing latitude and vanishes for paths 9 and 10.
In this case there is no wind stress and the model is driven only by the remote Kelvin signal. The Kelvin~es travel poleward along the coast at speed c = v g , H and propagate into the Pacific basin as midlatitude Rossby waves (Enfield and Allen 1980; Johnson and O'Brien 1990a, 1990b) . The dynamics of coastal Kelvin waves have been studied elsewhere (e.g., Moore 1968; Anderson and Gill 1975; Anderson and Rowlands 1976; McCreary 1976; Clarke 1983) and will not be discussed in detail, except where it relates to the properties of the ATTA estimates. The dominance of the Kelvin wave signal along the North American coast is examined in Chelton and Davis (1982) and Norton and McLain (1994) . Kelvin waves are nondispersive and can incorporate all frequencies, whereas Rossby waves are dispersive and have a high-frequency cutoff, UJc. Only the lowfrequency part of the Kelvin signal can be converted to Rossby waves. The dispersion of linear midlatitude quasigeostrophic Rossby waves (e.g., Gill 1982) is given by -Pk _~_!I . shows that these waves account for almost 50% of the temperature variance in the NEP. The relation of ULT perturbation to Hcq(t) is revealed in time series of UL T from points A, B, and C in Fig. 1 . The cross-correlations of UL T at these points to Hcq(t) are in Fig. 10 . The maximum correlation occurs when the delay, 'T m, corresponds to the time required for the Rossby signal to propagate to point A, B, or C. Point A, the southernmost point, has 'Tm ~ 1.3 yr with a correlation near 0.7. Point C has a 'T m = 2.3 yr with a correlation of 0.5. Point B is so far from the coast that dissipation has significantly decreased the wave amplitude. Nevertheless, there is a correlation peak of over 0.4 at 'T m ~ 6 yr. This confirms that the model Rossby waves persist for years after their separation from the coast while rem~ining strongly correlated with Hcq ( t). Therefore, through oceanic te1econ-nection unusually strong or long-lasting ENSO events can have repercussions at large oceanic scales years after the official event termination [see also Jacobs et al. (1994) ]. Similar events are presumed to occur in the Southern Ocean (Johnson 1988), but this is beyond the scope of this study.
The ATTAs estimated according to (11) for E2 are shown in Fig. 11 . Most of the paths have small separations compared to the size of the Rossby waves in Fig. 8 , and neighboring path A TT As are strongly correlated. The average linear correlation of an ATTA measurement with the nearest path to the north is 0.94 ::!: 0.03. Each path samples ocean characteristics only where fis the Coriolis parameter, k is zonal wavenumber, and 1 is meridional wavenumber. The negative sign implies westward phase propagation; see Fig. 6 . From (12), only Rossby waves with small wavenumber can propagate energy westward. The amplitude of the transmitted Rossby wave has been studied analytically by several authors, including White and Saur (1983) , Grimshaw and Allen (1988), and McCalpin (1995) . They show a rapid decline in the westward propagation of energy around UJc' falling to zero for frequencies near or above this critical frequency.
The critical wavenumber, where the group velocity of Rossby waves equals zero, is kc = fc -1 . (For brevity, 1 = 0 is assumed.) The Rossby response loses progressively lower-frequency components at higher latitudes because UJc IX cot(fJ). Over the model domain UJc goes from roughly 4.2 X 10-7 S-1 (175 d) at 2~ to roughly 1.8 x 10-7 S-1 (390 d) at 50~. The annual cycle of UJa = 2 X 10-7 S -1 is reached near 45~.
The mean circulation for experiment E2 is shown in Fig. 7 . A very different structure is seen than in the wind-only case. There is no large-scale gyre, but regions of cyclonic vorticity extend from the coastal eddy-formation sites (M. Uu and J. O'Brien 1995, personal communication) .
Some examples of instantaneous UL T anomalies are shown in Fig. 8 slightly different from its neighbor. The nearest northern path anomalies lag their southern neighbor by an average of 2-3 months, based on the average maximum cross correlation. This lag is probably due to the slower phase velocity of Rossby waves at higher latitudes indicated as dashed lines in Fig. I . Power spectra of the travel time anomalies are shown in Fig. 12 . They have no significant peaks, even at the annual frequency. Irregular interannual variations clearly dominate the signals, so the broad spectra are probably due to the aperiodic nature of the A 1T As.
In 1976 the A 1T A signals in the lower paths exhibit a mean shift toward positive values (the shift also occurs in 1978 in path 10, see Fig. 11 ) and a positive A1TA is maintained until roughly 1983. This is coincident with the Pacific climate shift of 1976-82, as discussed below.
largely the result of direct wind forcing and the longerterm variations largely result from the remote boundary forcing. Removal of the mean UL T and seasonal signal (which are dominantly wind driven) leaves a response that closely matches the UL T in experiment E2, suggesting a linear regime with the Rossby waves superposed on the wind-driven circulation (Fig. 14) . This is demonstrated by comparing the UL T anomalies in Fig.  15 to those in Fig. 8 . They are almost identical in pattern and relative amplitude. The absolute amplitude is not the same because of the different background conditions. This implies that the calculations based on ( 11 ) will have properties of both E1 and E2.
Some ATTAs for E3 are in Fig. 16 . They are, roughly, superpositions of cases E1 and E2, having strong annual and interannual variability very similar to that seen in Fig. 5 and Fig. 11 . The longer term changes in Fig. 16a match those in Fig. 11a and the annual variations match those in Fig. Sa . The high-latitude paths primarily show the same variable structure as in case E1 except for a few multiyear periods when the Rossby signal is strong in the upper latitudes. There is a decrease in the higher frequencies at higher latitudes, as in both previous cases (Fig. 17) .
Experiment E3 captures the essential physics that controls the depth of the permanent thermocline in the NEP. Understanding how SST relates to thermocline depth in the presence of a seasonally forced mixed layer yields an indirect method for hindcasting wintertime SST using a reduced-gravity ocean model. Specifically, c. Combined winds and remote (E3 ) Both surface wind stress and the Kelvin signal drive the circulation in this case. The average UL T for E3 based on the years 1970-89 is shown in Fig. 13 . The circulation is dominated by the large-scale gyre as in E 1. The evolution of the California Current system and its representation in this model has been discussed in Pares-Sierra and O'Brien (1989) .
A comparison of the circulations induced in E3 to those induced in E1 and E2 demonstrate that the high ( annual) frequency variations in this experiment are our temperature Mechanism II is based on the variations in the heat capacity of the upper ocean due to changes in the volume of the upper ocean induced by Rossby waves. This allows for an oceanic explanation for the anomalously warm winter SST field in the NEP in the late 1970s and early 1980s that is an alternative to the atmospheric explanations mentioned above.
The observed SST anomaly has a warming trend of winter values from the early 1970s to the late 1970s and early 1980s. This was first shown by differencing multiyear SST averages (UNESCO 1992) . Also see Fig. 18b . A similar analysis is made of model ULT.
The ULT change in Fig. 18(a) shows a mean raising of the permanent thermocline roughly coincident spatially and temporally with the change in SST from COADS. How the model ULT shift might translate to a SST shift is discussed in the section 4b. Similar scenarios occur for each path. but due to spatial variations in the Rossby wave field important differences in A1TA occur over different paths. For example, the A 1T A of path 5 in Fig. II is characterized by one broad peak from mid-I976 to 1980 and one trough from 1985 to mid-1987. Otherwise the A 1T A hovers near zero. There is no effect of the 1977 warm event. the 1980 cold event. the large 1982-83 warm event. or the 1987 cold event. The A1TA of path 5 lacks much of the structure of the A 1T A for path 1 because path 5 connects to the coastline at a region of cyclonic eddy production. Near that location, the cirthe coast of North America that are triggered by coastal Kelvin waves from the equatorial Pacific CXean. ENSO extremes are particularly important since they generate strong coastal Kelvin waves that affect the Pacific basin for years after the official termination of an ENSO event.
The inftuence of the Rossby waves is easiest to understand when their effect is isolated as in (E2). Warm El Nino and cold El Viejo events defined by sea level anomalies (Meyers and O'Brien 1995) are shaded in Fig. 11a . The changes in thennocline depth associated with these events directly translates to changes in A 'n" A according to (11). Most of the strong A TT A declines are associated with warm events (related to a downwelling wave) and strong A 'n" A increases are associated with cold events ( related to an upwelling wave). The A'n"A increases of 1975-76 and 1980-82 are not shaded in the figures due to our definition of El Viejo, which is not necessarily identical to events in the Heq(t) input. There is always some ambiguity in the definition of these events and their demarcation is for convenient reference.
The feanues of the A'n"As are easily understood. Consider path 1 in Fig. 11 . In 1970, the decay of a previous cold event slowly increases d1e overall AT-T As toward zero. The 1972 EI Nifto creates a downwelling Rossby wave that decreases ATTA, but it is rapidly followed by a cold event that cancels its effect. culation associated with the Rossby waves are generally suppressed.
In the combined E3 case, the type of variations due to the Kelvin signal are superposed upon the somewhat weaker wind-driven variations. Over paths that avoid the Kelvin-Rossby signal, wind-induced variations dominate. For instance, the higher-latitude ArrAs are largely governed by the wind-driven ocean circulation. Only certain ENSO events appear to be able to penetrate into higher latitudes and effect the An As along these particular paths.
Kelvin-generated Rossby waves are believed to be responsible for almost 50% of the variance of 300-m water off the coast of North America (Shriver et al. 1991 ) . That estimate was made by comparing observations of temperature to calculations from case E2. Understanding the Rossby wave variability will be important for interpreting acoustic measurements from the GAMOT/ATOC project. We anticipate that variations similar to those presented in Fig. 16 will be found, implying observations must be made over many years in order to correctly sample the long-term variability that is intrinsic to this region of the ocean. This is supported by the AnA estimates in Spiesberger et al. (1996, manuscript Much of the interannual variability in the GAMOT observations should be predictable up to several years in advance from knowledge of the equatorial Pacific sea level. The strong correlation between Heq ( t) and H at midbasin points (Fig. 10) shows that in much of the basin the thermocline depth closely follows the equatorial signal.
Additionally, the model exhibits strong ICV and there is a change in the mean ULT anomaly near 1976. This leads us to explore the possibility that ICV in the NEP is effected by Rossby wave propagation.
b. Climate shift
The ocean, not the atmosphere, contains the longterm memory of past events and should play the dominant role in decadal changes in climate. Miller et al. (1994) used a simple coupled ocean-atmosphere model to investigate changes in SST related to the 1976-77 climate shift. They concluded that surface heat flux is the dominant mechanism for producing anomalous winter SST. Trenberth and Hurrell (1994) and Graham ( 1994) suggested a strong role of tropical SST anomalies in producing the climate shift. We propose a new hypothesis for decadal modification of midlatitude SST: tropically forced Rossby waves.
Because SSTs are a key observation in documenting the 1976-77 climate shift, it is worthwhile to describe briefly, in general terms, the mechanisms thought to be important to setting SST. The total heat of the mixed layer, and hence temperature of the mixed layer, is obviously a function of heat loss and gain. In the equatorial region the annual cycle in atmospheric heat is small so that the heat gained by the mixed layer from the atmosphere is reasonably constant year round. The ocean's horizontal divergence! convergence is the principle driver in setting the depth from the surface to the main thermocline. When this layer is anomalously thin, mixed layer fluid is closer to the underlying colder layer and heat loss results in negative temperature anomalies This hypothesis provides an accurate estimate for the magnitude of SST changes using a realistic (i.e., depth independent) wintertime mixed layer model. If the upper ocean contains J joules of heat per surface area A that is mixed uniformly down to the permanent thermocline at depth H 1 , then the winter SST resulting from this mixing is This gives a good approximation to SST changes. If (JI = 15°C, HI = 500 fi, and c5H = +10 m, then (16) gives a change in SST of :to.3°C, close to the observed value of :to.5°C.
in the mixed layer. When the upper layer is unusually thick the thermocline is farther from the mixed layer, and reduced heat loss implies positive SST anomalies (Rebert et al. 1985) . This is temperature Mechanism I, which is the basis for (8). Signals from most largescale acoustic tomography remain below the mixed layer (Spiesberger and Tappert 1996; Spiesberger et al. 1996 , manuscript submitted to Dyn. Atmos. Oceans), so (11) is approximately valid throughout the model domain.
Near the surface at midlatitudes, the temperature mechanism differs because atmospheric heating has a very strong annual signal. During summer, atmospheric heat is absorbed by the mixed layer, setting the heat content. Summer wind stress and turbulent mixing set the depth of the seasonal mixed layer. Winter cooling produces strong vertical convection to roughly the depth of the permanent thermocline (Kraus and Turner 1967; White and Saur 1983) . Thus, the heat content of the shallower, seasonal mixed layer set in summer becomes distributed toward the permanent thermocline. The result is a depth-independent temperature profile in winter and early spring (e.g., Karaca and Muller 1989) . A deeper permanent thennocline increases the volume of fluid in the upper ocean. resulting in negative winter SST anomalies. Similarly, a shallower pennanent thennocline could result in positive winter SST anomalies. The seasonal dependence of the influence of Rossby waves on SST is also noted by Stevenson ( 1983 ) , who focused on the effects of vertical velocity . Many authors, including Graham (1994) and Miller et al. (1994) , attribute the climate shift in the northern Pacific to atmospheric forcing. They can reproduce observational SST anomalies by specifying heat flux tenDS in coupled ocean-atmosphere models. However, the ocean's role in creating these tenns is ignored since they had no feedback from the ocean to the heat flux. Examining the hydrodynamic properties of the NEP in a high-resolution model driven by observational winds yields information on the thermocline depth, and the increased horizontal resolution correctly represents the equatorial Kelvin waves (O'Brien and Parham 1992) that are the underlying physical mechanism of ENSO phenomenon in the ocean. These Kelvin waves impact the western coast of the Americas, propagating poleThus, it may be possible, without requiring any surface heat flux anomaly, to change the temperature of the upper layer in midlatitudes by modifying the depth of the permanent thermocline anytime before the onset of winter mixing. We suggest that in the mid-1970s the depth of the permanent thermocline in the northeastern Pacific Ocean was modified by a series of upwelling Rossby waves that decreased the depth to the main thermocline causing positive wintertime SST anomalies in the NEP. Our arguments suggest the midlatitude ocean temperature anomaly might change sign with depth, with a transition between from Mechanism n at the surface to Mechanism I below the mixed layer. The relative infiuence of these two mechanisms remains to be investigated ward along the coast and into the Pacific basin as midlatitude Rossby waves. Some Rossby waves appear to significantly influence the mean thermocline depth for several years. A shift in the model ULT roughly coincides with the observed shift in SST in the mid-1970s. The mean ULT from 1976-81 minus the mean ULT from 1970-75 from run E3 is shown in Fig. lSa. A thinning of the upper layer occurs over these years, con'esponding to an upwelling of the permanent thermocline.
Whether this simple representation of the ocean can account for the mid-Pacific SST shift should be inyestigated further since the western model limit is 155OW and most of the Rossby energy is reduced by viscous action to very small values by the time it reaches 140OW. Additionally, no dynamical information from the western Pacific is introduced through the western open boundary. This may explain the inconsistency in the sign of the variations in Fig. 18 west of 14QOW. A fully coupled ocean-atmosphere model that resolves the ENSO signals and includes a more complete representation of both hydrodynamics and thermodynamics would be useful. Such a model will probably not be practical for several years and observations remain the final validator of these ideas. A careful analysis of the connection between midlatitude SST and thermocline depth, with particular attention to the role of Rossby waves, is needed.
The changes in SST off the west coast of the Americas should effect weather over the continents. Other climatic changes in the Pacific are associated (though the causal connections are not fully understood) with a variety of weather changes in inhabited regions. The skill of annual to decadal climate forecasts will be enhanced if midlatitude SST anomalies are shown to be predictable based on the state of the equatorial Pacific.
